To investigate the influence of carbon fiber (CF) surface treatment on the flexural strength and tribological properties of the short-cut CF/polyimide (PI) composites, pitch-based short-cut CF were treated by rare earth. The CF before and after treatment was examined by X-ray photoelectron spectroscopy (XPS) and by scanning electron microscopy (SEM). The flexural strength of the specimens was determined in a three-point test machine. The friction and wear behaviors of PI composites sliding against GCr15 steel rings were evaluated on an M-2000 model ring-on-block test rig. The results show that the surface of the treated CF became rougher and there formed lots of active groups after rare earth treatment. The flexural strength of PI composites with rare earth treated CF was improved. The friction coefficient and wear rate of PI composites with rare earth treated CF were lower than that with untreated CF.
Introduction
PI possesses some extraordinary characteristics, such as excellent mechanical and electrical (insulating) properties, good thermal stability and chemical inertness, high wear resistance, and resistance against high energy radiation [1, 2] . Yet, it can not be widely used as self-lubricant material because of its high friction coefficient. Therefore, various fillers have been tried to modify PI composites. CF are widely used as fillers in advanced composite materials due to their high strength and high modulus, excellent electrical and thermal conductivity, good friction and wear qualities and high resistance to fatigue and creep [3, 4] . The CF filled PI composites have especial application in aerospace, robots, sports goods. By reinforcing PI with CF of high strength and modulus, it might be feasible to develop high performance PI-based composites.
The properties of fiber and matrix make a critical contribution to the quality of a fiber-reinforced composite. In addition, the physical-chemical interaction between the fiber-matrix interface plays an important role in improving the mechanical properties of the fiber reinforced composite [4] . CF are chemically inert and they often produce composites with low interfacial bonding between fibers and matrix when used without any surface treatment, which accordingly affects most of the other mechanical properties of the composites [5] . Numerous methods concerning surface treatment, such as chemical method [6] [7] [8] , electrochemical method [9] [10] [11] [12] , plasma treatment [13] , etc., have been developed to modify the fiber surface and thus enhance the ability to establish strong interactions between fibers and matrix. Rare earth treatment is relatively novel and interesting method, which have attracted more and more researchers' interest.
Our previous work found the optimum content of CF in PI composite was 15 wt% [14] . In this work, rare earth treatment was applied to modify the CF surface, and its effect on the flexural strength and tribological properties of PI composites was evaluated.
Experimental

Materials and preparation of PI composites
PI (YS-20) powders (<38 μm) were commercially obtained from Shanghai Synthetic Resin Institute (Shanghai, China). The short-cut carbon fiber was about 1.5 mm in length and 7.8 μm in diameter, and the density was about 1.8 g/cm 3 . The commercial short-cut carbon fibers were dipped in acetone for 24 h, then cleaned ultrasonically with acetone for 0.5 h. Finally, they were dried at 100°C for 5 hours before used. As for the rare earth treatment, carbon fibers were soaked in an alcoholic solution of LaCl 3 for 5 h. the LaCl 3 content in the alcoholic solution was 0.3 wt%. The content of CF in PI composite was 15 wt%, the untreated and rare earth treated CF were mixed with PI powders to prepare mixtures for the preparation of PI composites. The temperature program of moulding is shown in Figure 1 . At the end of each run of compression sintering, the resulting specimens were cooled with the stove in air, cut into pre-set sizes for flexural strength and tribological properties tests. In order to investigate the possible change of chemical composition of CF treated by rare earth, XPS was used to detect functionalities on activated carbon fibers surfaces. The XPS measurement was performed using VG Scientific ESCA LAB 210 spectrometer, the base pressure in the sample chamber was about 10 -7 Pa. The morphologies of the treated and untreated CF were compared by SEM observation, before which the tested CF specimens were plated with gold coating to render them electrically conductive.
Flexual strength test
The flexural strength of the specimens was determined in a three-point test machine (DY35 Universal material tester, France) with a span of 40 mm and crosshead speed of 1 mm/min. The specimens were 65 mm × 7 mm × 3 mm and the test surface was 65 mm × 7 mm. Three specimens of each PI composites were measured and an average value was reported. The specific flexural strength (σ f ) of the specimen was calculated from Equation (1):
where P is the maximum load 
Tribological properties test
The friction and wear behaviors of PI composites sliding against stainless steel were evaluated on an M-2000 model ring-on-block test rig (made by Jinan Testing Machine Factory, China).The contact schematic diagram is shown in Figure 2 , the blocks in a size of 30 mm × 7 mm × 6 mm were made of the PI composites, the rings of ø40 mm × 16 mm were made of GCr15 stainless steel, the chemical composition of the GCr15 bearing steel (mass fraction, %) is shown in Before each test, the stainless steel ring and the PI composite block were polished to a roughness (R a ) of about 0.2-0.3 μm. The block specimen was static and the GCr15 bearing was sliding against the block unidirectionally. The friction force was measured using a torque shaft equipped with strain gauges mounted on a vertical arm that carried the block, which was used to calculate the friction coefficient by taking into account the normal load applied. The width of the wear tracks was measured with a reading microscope to an accuracy of 0.01 mm. Then the specific wear rate (ω) of the specimen was calculated from Equation (2):
where B is the width of the specimen [mm], r is the semi diameter of the stainless steel ring [mm] , and b is the width of the wear trace [mm], L is the sliding distance in meter, P is the load in Newton. The tests were repeated for three times, the wear tracks of the composite and stainless steel specimens were examined on a JSM-5600LV scanning electron microscope (SEM). In order to increase the resolution for the SEM observation, the tested composite specimens were plated with gold coating to render them electrically conductive.
Results and discussion
Morphology analysis
The SEM morphologies of the untreated and rare earth treated CF are shown in Figure 3 . The surface of the untreated CF (Figure 3a ) seems to be relatively smooth and the grooves were less obvious. The surface of the rare earth treated CF (Figure 3b ) became rougher and there appeared more etched ridges with newly grooves and protuberances. The LaCl 3 solution can etch the surface of carbon fibers thus increased the surface roughness. The surface became rougher after rare earth treatment, i. e. the fibers possessed a larger surface area, which could contact with PI matrix and thus formed more mechanical interlocking sites. The mechanical interlocking provided a strong interface bonding even though other effects were relatively weak [15] . In addition, the enhancement of the surface roughness reduced the contact angle between fibers and PI and hence increased the wettability [16] .
XPS analysis
The overall XPS spectra of different samples are shown in Figure 4 . It can be observed that the fiber surfaces consisted mainly of carbon as indicated by the intense C1s peak at approximately 285 eV. In addition, a considerable amount of oxygen could be found by the O1s peak at approximately 533 eV, which varied to a certain extent with the different of treatment. The element information got from the XPS spectra is shown in Table 2 . It can be found that the surface C element concentration of the untreated, rare earth treated CF samples were 84.5%, 81.7% respectively. A lower C concentration was found on the surfaces of the rare earth Figure 3 . SEM morphologies of the untreated (a) and rare earth treated (b) CF treated CF sample compared with that of the untreated one. The surface O concentration of the untreated, rare earth treated CF samples were 15.5%, 18.3 %, respectively. The number of functional groups for untreated CF sample was attributed to the residual groups of the polymeric precursor, polyacrylonitrile and the polymeric sizing on the CF after washing in acetone with ultrasound. La 3+ has high electronegativity thus has great oxidative ability, more new-formed oxygencontained groups can form on the surface when CF was soaked in rare earth solution, which resulted in an increase in oxygen content as well as the O/C ratio. The curve fitting spectra of C1s of the untreated and rare earth treated CF is revealed in Figure 5 . The main C1s peak is presented at 285 eV, which correspond to the graphitic linkage of carbon fiber. In addition, there are some peaks appeared at the higher binding energy positions compared with the main C1s peak and they correspond to different oxygen-containing groups. Table 3 gives the different oxygen-contained carbon structural components possibly existed on CF. Each functional group gives rise to a signal in the XPS spectrum with a particular range of binding energies. According to Table 3 , the fitting results of C1s of different samples are shown in Table 4 . It is noted that the C1s spectra included another three peaks except main 'graphitic' peak at 285 eV. After rare earth treatment, the content of -C-C-decreased while the content of -C-OH, -C-O-C-, Bridged structure, C=O and -COOR increased, which increased total surface energy and their polarity thus enhanced the wettability of the CF with the PI matrix. Better wetting can improve the adhesive bond strength by increasing the thermodynamic work of adhesion or by reducing the number of interfacial defects [17] . Adhesion between CF and PI matrix improved, which played an important 
Flexual strength of PI composites
The flexual strength of CF and rare earth treated CF filled PI samples was 193 MPa, 212 MPa, respectively. It can be seen that the flexural strength of PI composite filled with the rare earth treated CF is improved by 10.4% compared with that with the untreated one. The strength of fiber reinforced composites strongly depends on the interfacial adhesion between fibers and matrix. When there is a strong adhesion between fibers and matrix, the load stress is efficiently transmitted from the matrix to fibers and the fibers can successfully carry the load, so the fiber can bring more reinforcement [18] . The rare earth treated CF filled PI composite had a higher flexual strength, which indicated that the rare earth treatment improved the interfacial adhesion between carbon fibers and PI matrix. Adhesion between CF and PI matrix improved, which played an important role on improving the tribological properties of CF reinforced polymer composites. Figure 6 shows the friction coefficient and wear rate of untreated CF/PI and rare earth treated CF/PI composites at a sliding speed of 0.431 m/s under 200 N. It was found that the wear rate of the rare earth treated CF/PI composite decreased drastically than that of the untreated CF/PI composites, though the friction coefficient decreased slightly. It can be concluded that the reinforcement effect of the rare earth treated CF was better than that of the untreated one. The reason may be that the adhesion between CF and PI matrix improved greatly after rare earth treatment. An improved adhesion can transmit the load from the matrix to fibers efficiently and prevent the peeling off of CF, which resulted in better tribological behaviors. However, the untreated CF can not bear the load efficiently and can be easily peeled off and there formed third body, which can result in serious abrasive wear to the surface of the PI composites in the friction process, which resulted in a higher friction coefficient and wear rate.
The tribological property
Conclusions
The rare earth treatment could increase the surface roughnesss thus formed more mechanical interlocking sites, which can improve the interfacial bonding. Moreover, the rare earth treatment could increase the O/C ratio of the carbon fiber surface and lots of active functional groups formed there, which can improve the wettability by enhancing the surface energy and thus enhanced the interfacial bonding. In conclusion, the surface treatment favored the improvement of the higher interface strength and so had good effect on improving the tribological behaviors of the composites. 
